Pu-erh tea has gained more and more popularity and attracted much attention for its various biological effects. The objective of this study was to determine the active phenolic compounds and the biological effects of 15 differently aged Puerh teas. The results showed that 43 active phenolics, containing 7 flavan-3-ols, 11 organic acids, and esters, 3 proanthocyanidin dimers, 2 benzotropolones, and 20 flavonoid glycosides were identified based on high-performance liquid chromatography coupled to electrospray ionisation and quadrupole time-of-flight tandem mass spectrometry (HPLC-ESI-QTOF-MS/MS). In particular, 2'-O-galloylhyperin and quercetin-3-O-p-coumaroyl-rhamnosyl-arabinosyl-hexoside were identified from constituents of tea for the first time. The 15 Pu-erh teas exhibited strong DPPH and ABTS scavenging activity in a concentration-dependent manner with IC 50 0.99-2.12 and 0.97-2.67 mmol Trolox equivalent antioxidant capacity/g, respectively. All of the Pu-erh teas tested significantly inhibited the proliferation of SMMC-7721 cells, in a dosage-dependent manner. Of the 15 Puerh teas examined, the cake tea P6 had the strongest effect on SMMC-7721 cells with IC 50 = 65.88 ± 3.53 µg/mL. The others Pu-erh teas had an IC 50 = 96 -509 µg/ mL. Our results also indicated that not all the older Pu-erh teas display stronger anti-activities and anti-cancer than the younger ones and the youngest Pu-erh tea did not possess the highest level of active components. This study provides useful information for consumers to deeply understand the chemical constituents and bioactivity of Pu-erh tea preserved for a long time.
Introduction
Pu-erh tea is a unique fermented tea, which is originally produced in Yunnan Province, southwest of China using the leaves of the cultivated variety large-leaf tea of Camellia sinensis. It has been confirmed that Pu-erh tea exhibits multiple beneficial health effects, such as antioxidant, [1, 2] anticancer, [3] antimutagenic, [4] antimicrobial, [4] anti-atherogenic, antiobesity, [5, 6] as well as hepatoprotective [7] activities. The health benefits attributed to Pu-erh tea has increased its popularity.
In the production of Pu-erh tea, the sun-dried green tea leaves are autoclaved and dried to make Pu-erh raw tea and stored in natural conditions to make aged Pu-erh tea, or the leaves are artificially post-fermented with microorganisms for several months to 1 year to produce ripened Pu-erh tea. For fully fermented black tea, the oxidation of the tea polyphenols is performed mainly by polyphenol oxidases from the tea leaves. However, the polyphenol oxidases are inactivated by heat during the steam-compression process. Thus, the tea polyphenols in Pu-erh tea are oxidized mainly by the action of microorganisms. [8] The microorganisms oxidize tea polyphenols more completely than polyphenol oxidase in black tea, leading to lower concentrations of tea polyphenols and tea catechins in Pu-erh tea.
It is generally believed that the longer the aged Pu-erh tea is kept, the better it will be in both quality and taste. Thus, the commercial value of older Pu-erh tea is much higher than that of the younger ones. However, there is still an argument whether aged Pu-erh teas with longer storage times have stronger bioactivities. Some researchers showed that the chemical constituents and beneficial health effects were significantly different in the Pu-erh teas with different storage years. [9] Others have reported that younger Pu-erh teas had stronger free radical scavenging activities than older ones of the same type. [10] Furthermore, another study demonstrated that the quality of tea infusion could reach levels as high as the long-term storage Pu-erh teas after the fresh tea leaves were artificially inoculated with the appropriate microorganisms for a few weeks. [11] However, little research has been carried out on the bioactivities and biochemical components of the aged Pu-erh teas with 25 or much longer storage years due to their rarity and precious.
Modern pharmacological research suggests that the health benefits of tea consumption are mainly due to the tea polyphenols. Many types of polyphenols have been identified in tea, including catechins, flavonols, flavones, gallic acid (GA), quinic esters of gallic, caffeic and coumaric acid, theaflavins, thearubigins, and proanthocyanidins. [12, 13] Identification and determination of the previously mentioned phenolic components has been performed using hyphenated analytical techniques, such as liquid chromatography-mass spectrometry (LC-MS).
In the present study, 15 aged Pu-erh teas with storage periods from 10 to 105 years were used to evaluate their phenolic constituents and bioactivities. The phenolic compounds of these aged Pu-erh teas were identified by the high-performance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (HPLC-QTOF-MS) technique. Their antioxidant activities were determined by both diphenylpicryl-hydrazyl (DPPH) and 2,2′-azinobis(3-ethylbenzthiazoline-sulfonic acid) diammonium salt (ABTS) assays. And their effects on the proliferation of human hepatocellular carcinoma were investigated using the 3-(4,5-dimethylthiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) method.
Materials and methods

Tea samples
Fifteen Pu-erh tea samples with storage periods from 10 to 105 years were obtained from Kemingyuan Tea Shop, Xiamen, Fujian, China, as shown in Table S1 . Cake tea P7 (ripened puerh tea) is manufactured according to artificially post-fermented process in Yunnan province, and then stored at room temperature; others are raw Pu-erh teas, which are stored at natural conditions for a long time (25-105 years) to ferment, that so-called aged Pu-erh teas. More detailed information on these Pu-erh tea samples is summarized in the supporting information (Fig. S1 ). The tea samples were all kept in desiccators at room temperature. All of the experiments were carried out in 2015.
Chemicals
The standard samples of GA, caffeine, theobromine, theophylline, (+)-catechin (C), (-)-epicatechin (EC), (-)-gallocatechin (GC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG), (-)-epigallocatechin gallate (EGCG), and (-)-gallocatechin gallate (GCG) were purchased from Sigma (St. Louis, MO). DPPH was obtained from Aldrich (Milwaukee, WI). Acetonitrile, methanol, and formic acid were highperformance liquid chromatography (HPLC)-grade and obtained from Merck (Darmstadt, Germany). Deionized water was prepared using a Millipore Milli Q-Plus system (Millipore, Billerica, MA). Fetal bovine serum (FBS) was obtained from Hyclone. RPMI-1640 medium, penicillin, streptomycin and 0.25% trypsin were purchased from Gibco. Dimethylsulfoxide (DMSO) was obtained from Amresco and MTT was obtained from Sigma.
Preparation of tea infusion samples
Two grams of each tea sample and 50 mL of boiling water were added into a conical flask and heated in a water bath (95°C) for 15 min. The tea infusions were filtrated through 0.22 μm membrane filter after cooling down. Finally, the resulting tea infusions were lyophilized.
HPLC-QTOF-MS analyses
HPLC-QTOF-MS analysis was performed using a Agilent 1260 Series Rapid Resolution LC system equipped with a binary pump with degasser, high-performance autosampler and thermostated column compartment (Agilent Corporation, Milford, MA), coupled with a Agilent 6520 Series quadrupole time-of-flight mass spectrometer. Chromatographic separations were performed on a 2.1 mm × 150 mm 1.8 μm ZORBAX SB-C18 (Agilent, USA) chromatography column. The column was maintained at 35°C and the injection volume was 10 µL. The mobile phase consisted of solvent A (0.5% formic acid water solution) and solvent B (0.5% formic acid acetonitrile solution) at a flow rate of 0.30 mL/min: 0-8 min, 5-5% B; 20-38 min, 5-95% B; 38-45 min, 95-95% B; 47-55 min, 5-5% B. The ESI source was operated in negative and positive mode. Nitrogen (N 2 ) was used as sheath, auxiliary, and collision gas. The drying temperature and drying gas flow were 350°C and 5 L/min, respectively. The nebulizer pressure, collision energy, fragmentor, and skimmer were 40 psi, 35, 175, and 65 V, respectively. The mass spectra were obtained at a mass-to-charge ratio (m/z) scan range from 100 to 3000. Auto MS/MS parameters were used for the analysis in a full-scan mode.
Determination of aged Pu-erh tea antioxidant activity
DPPH radical-scavenging activity of the tea infusions was determined by the method described by Gaulejac et al. [14] with some modifications. Briefly, 0.1 mL of lyophilized tea powder water solution of various concentrations was added to 3 mL of the DPPH methanol solution (6 × 10 −5 mol/L). The samples were incubated at room temperature for 30 min. Subsequently, the absorbance of each sample was measured at 517 nm using a Shimadzu ultraviolet (UV)-1602PC spectrophotometer (Kyoto, Japan). The radical-scavenging ability was calculated by the formula: scavenging ability (%) = 100 × [(A 0 -A i /A 0 )]. Where A i is absorbance of the tea sample; A 0 is absorbance of the methanol blank control.
The ABTS + radical scavenging activity was measured using the method described by Antolovich et al. [15] with minor changes. First, the ABTS radical cation (ABTS· + ) work solution was prepared by mixing ABTS· + stock solution (7 mmol/L in water) with 2.5 mM potassium persulfate for 12 h at 4°C in the dark and then the work solution was diluted with ethanol to an absorbance of approximately 1.0 at 734 nm. Second, 0.1 mL of various concentrations of lyophilized tea powder water solution was mixed with 3.9 mL ABTS· + work solution, and then the samples were incubated at room temperature for 6 min. Finally, the absorbance of each sample was measured at 734 nm using the Shimadzu UV-1602PC spectrophotometer (Kyoto, Japan) with ethanol as a blank control.
All of the experiments were repeated three times. The IC 50 values (50% inhibition of the DPPH and ABTS radical formation, mg/mL) of the tea infusions and Trolox were calculated, respectively. The antioxidant activity of the tea sample was converted to the Trolox equivalent antioxidant capacity (TEAC) and calculated as follows: TEAC (mmol Trolox/g) = IC 50 (Trolox) /IC 50 (Pu-erh tea sample).
Determination of anticancer activity in the aged Pu-erh teas
The anticancer activity of the aged Pu-erh teas was determined using the MTT assay described by Van de Loosdrecht et al. [16] Human hepatocarcinoma cancer cell line SMMC-7721 was provided by Xiamen Overseas Chinese Subtropical Plant Introduction Garden (Fujian, China). The SMMC-7721 cells were cultured at 37°C with 5% CO 2 in a RPMI-1640 medium (pH = 7.2-7.4) supplemented with 10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin. Exponentially growing cells were harvested and prepared into cell suspensions. Subsequently, 200 μL cell suspensions were inoculated into each well of the 96-well plates and the cells were incubated at 37°C for 24 h to achieve cell attachment. After that, the SMMC-7721 cells were treated with 180 μL/well tea infusion samples with different concentration for 24 h. Next, 20 μL MTT solution (5 mg/mL) was added to each well and the plates were incubated at 37°C for another 4 h. After the supernatants were removed, 150 μL DMSO was added to each well to dissolve the formazan crystals. Finally, the absorbance of each sample was read at 490 nm using a microplate reader. The cell survival percentage was calculated using the formula: Survival (%) = OD tea exposure /OD control × 100. The IC 50 values (50% inhibition of cell growth) were calculated. All of the experiments were repeated five times.
Total content determination of the phenolics, flavonoids, catechins, GA, and purine alkaloids Total polyphenol content of the Pu-erh tea samples was determined by the Folin-Ciocalteu method described by Singleton et al. with minor modification. [17] First, 1 mL of the tea infusion samples were mixed with 5 mL of 10% (v/v) Folin-Ciocalteu's phenol reagent and 4 mL of 7.5% (w/v) Na 2 CO 3 solution. Second, the mixtures were incubated for 1 h at room temperature and then their absorbance at 765 nm was measured. The total polyphenol content of each tea infusion sample was calculated according to a standard curve of GA solution and converted into milligrams of GA equivalents per gram of the Pu-erh tea of sample (mg/g). Each experiment was conducted in triplicate.
The total flavonoid content was analyzed using the Dowd method with minor modification. [18] Briefly, 2 mL tea infusion sample, 8 mL of 1.5% (w/v) AlCl 3 , 4 mL HAc-NaAc buffer (pH = 5.5), and 11 mL of 50% (v/v) ethanol were added to 25-mL volumetric flask, respectively. After incubation for 30 min, the absorbance was measured at 415 nm using a UV-vis spectrophotometer. Rutin was used as a standard solution. Total flavonoid content was expressed as milligrams of rutin equivalents per gram of the Pu-erh teas. All experiments were carried out in triplicate.
The content of free amino acid (glutamate as a standard solution) and total soluble saccharides (glucose as a standard solution) were determined according to the methods described by Liang et al. [19] Total contents of GA, purine alkaloids and catechins were separately measured on the Agilent series 1100 (Agilent Technologies) liquid chromatograph. A Welch Ultimate XB-C18 column (250 mm × 4.6 mm i.d., 5 μm) with a precolumn was used in this study. The separation was achieved by a gradient elution of 0.1% formic acid solution (solvent A) and acetonitrile (solvent B) at a flow rate of 1 mL/min: 0-20 min, 5-17% B; 20-40 min, 17-17% B. The equilibration time was 20 min and the injection volume was 20 μL. The detection wavelength was set at 278 nm. The column was re-equilibrated with the initial conditions for 15 min before the next run.
Statistical analysis
Correlations (r) of data were evaluated through Pearson's correlation analysis using SPSS 19.0 software, and a p-value of less than 0.05 was considered to be statistically significant.
Results and discussion
Polyphenolic identification by HPLC-QTOF-MS/MS analysis
Some studies demonstrated that the potential health benefits of the Pu-erh teas could be mainly attributed to their polyphenolic compounds. [20, 21] Accordingly, the polyphenolic components in the 15 aged Pu-erh teas were identified by the HPLC-QTOF-MS/MS technique in this study. Combined with the relevant literature, the components of the tea polyphenols were putatively annotated by comparison of their accurate mass and MS/MS fragmentation patterns with those of the authentic standards. [22] [23] [24] [25] [26] Chromatogram profiles of the aged Pu-erh teas recorded as negative modes are shown in Fig. S2 . The retention times, MS and MS 2 spectral data and the identification results of 43 compounds in the aged Pu-erh teas are listed in Table 1 . .0716 corresponding to the cleavage of GA (170 Da) and epi(catechin); therefore, these compounds were tentatively identified as (epi)catechin(epi)catechin. These proanthocyanidin dimers were formed through quinone-methide (QM), retro-Diels-Alder (RDA), and heterocyclic ring fission (HRF) pathways. [10] Organic acids and their esters O-Glycosylated flavonols A total of six myricetin, quercetin, or kaempferol glycosides conjugated to a range of sugars, including glucose, galactose, and rhamnose, as mono-, di-, and trisaccharides were identified, which were universally present in tea. Peak 34 had a [M-H]at m/z 479.0816, which produced 
Flavan-3-ols
Substance of benzotropolones
Peak 3 had a [M-H]ion at m/z 221.0256 and a predominant MS 2 ion fragment at m/z 113.0205, corresponding to the loss of a pyrogallol unit; thus, peak 3 was tentatively identified as purpurogallin. Purpurogallin is well known to play a key role in affecting the availability of micronutrients in the soil, the bioavailability of metals in the body and the oxidation of theaflavins and their physiological activity. [28] Peak 8 had a [M-H]ion at m/z 399.1055 and main MS 2 ion fragments at m/z 275.1064 and 110.0260, corresponds with (C 14 H 12 O 6 -H)ion and C 6 H 6 O 2 ; therefore, peak 8 was tentatively identified as (epi) theaflagallin, which was formed from the oxidation of (epi) gallocatechin and pyrogallol.
In total, 43 phenolic compounds including 7 catechins, 3 proanthocyanidin dimers, 11 organic acids, and their esters, 4 flavonols, 6 O-glycosylated flavonols, 8 C-glycosylated flavones, 2 acylated glycosylated flavonols, and 2 benzotropolones were identified in 15 Pu-erh teas. Many of the previously stated phenolic compounds have been reported to exhibit a broad range of biological activities, especially the catechins, which are strong antioxidants in vitro and in vivo. For example, Qian et al., [10] reported that 10 major free radical scavengers were found in Pu-erh tea, and nine of them were identified as GA, GC, EGC, C, EC, EGCG, ECG, rutin, and quercetin-3-glucoside by HPLC-DAD-MS coupled online with ABTS-based analysis.
Proanthocyanidin dimers are known to be good free radical scavengers because it contains many more hydroxyl groups than a monomer. Because hydroxyl groups in dimers are conjugated with a double bond, dimers may act as a hydrogen donor, thereby stabilizing the electron distribution in the molecule and enhancing antioxidative properties. [29] Flavonoids in tea exist in aglycone-free and glycoside forms. The major flavonoids in tea are the conjugates of quercetin and kaempferol with conjugating moiety varying from mono-to tetra-glycosides. [30] [31] [32] [33] GA, quinic esters of gallic, coumaric, and caffeic acids are the common phenolic acids in teas. [32] Flavonoids and phenolic acids have been demonstrated to possess many biological activities, such as antioxidant capacity, antiproliferative, apoptotic activity, antiviral, and antimicrobial. [34] [35] [36] [37] DPPH and ABTS radical scavenging activity Free radicals can damage diverse cellular macromolecules, including proteins, carbohydrates, lipids, and nucleic acids due to their high reactivity, further leading to many diseases (such as diabetes mellitus, cancer, atherosclerosis, neurodegenerative diseases, and arthritis). [38] Previous studies have reported that the Pu-erh tea extracts can effectively eliminate the free radicals, preventing living organisms from oxidative damage. [2, 39] Therefore, the radical-scavenging activities of 15 aged Pu-erh teas with the storage periods from 10 to 105 years were separately evaluated by the DPPH and ABTS assays in present study.
The IC 50 values of DPPH and ABTS assay are shown in Table 2 . The results showed that the brick tea B4 (75-year storage) exhibited simultaneously the lowest DPPH and ABTS radical-scavenging activities. In the DPPH assay, the bowl tea T1 (75-year storage) was observed to possess the highest DPPH radical-scavenging activity, followed by the bowl tea T2 (71-year storage). In the ABTS assay, the cake tea P3 (75-year storage) appeared to have the highest ABTS radical-scavenging activity. Furthermore, the DPPH and ABTS radical-scavenging activities of the 15 aged Pu-erh teas occurred in a concentration-dependent manner (Fig. S3) . The DPPH and ABTS radical-scavenging rates of the 14 aged pu-erh tea extracts with concentrations from 0.6 to 2.5 mg/mL could all reach at least 70% except the extracts of the brick tea B4.
Our results showed that the radical-scavenging activities of different aged Pu-erh teas varied, and not all the older Pu-erh teas exhibit stronger biological ability than the younger ones. This result is not in accordance with an earlier study performed by Qian et al., in which the ABTS radical-scavenging activities of the aged Pu-erh teas decreased with the increase of the Pu-erh tea storage years. [10] Phenolic compounds have been reported to be excellent free radical scavengers due to their strong hydrogendonating ability. The inconsistency between these results might be attributed to the difference in phenolic constituents of the aged Pu-erh tea samples used by these two independent studies.
Anticancer activity of aged Pu-erh teas
MTT is one of the most common in vitro assays to estimate the cytotoxic and/or cytostatic, or apoptosis-inducing effects of anticancer agents prior to preclinical and clinical testing. In the present study, effects of the aged Pu-erh tea samples on the proliferation of human hepatoma SMMC-7721 cells were examined in vitro using MTT assay with the standard substances of EGCG as a positive control. As shown in Fig. 1 , growth and proliferation of SMMC-7721 cells were inhibited in a dosedependent manner by the treatments of both EGCG and the Pu-erh tea samples for 24 h. The IC 50 values of 15 aged Pu-erh teas and EGCG were summarized in Table 3 . The results showed that the cake tea P6 (25-year storage) exhibited the strongest inhibitory activity on the proliferation of the SMMC-7721 cells with an IC 50 value of 65.88 ± 3.53 µg/mL. Simultaneously, the cell viability of the SMMC-772 cells was less than 10% when the cells were treated with 120 µg/mL tea extracts of the cake tea P6 for 24 h. The IC 50 value of the bowl tea T3 (27-year storage) was 96.94 ± 2.15 µg/mL, while those of the other 13 Pu-erh teas were from 154 to 509 µg/mL. Although the anticancer activities of the 15 aged Pu-erh tea samples were all weaker than that of the positive control, pure EGCG, of which the IC 50 value was 24.24 ± 0.92 µg/mL, the Pu-erh teas used in this study all exhibited potent anticancer activities, revealing their beneficial health effects.
Comparison of the contents of major active compounds of various aged Pu-erh teas
Previous reports showed that levels of active compounds in Pu-erh tea are affected by raw materials with varied cultivation environments, different manufactures, storage conditions, and so on, leading to the differences of partly beneficial health effects. The contents of total polyphenols, total flavonoids, total catechins, free amino acid, total soluble saccharides, purine alkaloids, and GA in the 15 aged Pu-erh teas with long-tern storage were determined ( Table 4 ).
The brick tea B5 (45-year storage) was found to have the highest total polyphenol content (64.33 ± 3.98 mg/g), followed by the cake tea P3 (75-year storage, 63.91 ± 3.22 mg/g), compared with the total content of polyphenol of 17.34-58.92 mg/g in other 13 tea tested samples. The contents of total catechin in the 15 aged Pu-erh teas were 0.27-1.94 mg/g, which are significantly lower than that of 38.69 ± 16.51 mg/g in aged puerh teas (6-years storage) reported by Zhang et al. [40] The highest total catechins content (1.94 mg/g) was found in the bow l tea T1, whereas the lowest level (0.27 mg/g) was observed in brick tea B4 with the similar storage times (75-years storage). Low content of total catechins in present study is observed because tea catechins could be oxidized into orthoquinones, which could be condensed to further form theaflavins, thearubigins or others compounds during their long-term preservation process. [40] (27- year storage) had the highest GA content with 10.12 mg/g, which was 78 times higher than that of brick tea B4 (75-year storage, 0.13 mg/g). The GA contents in other 13 Pu-erh teas were 0.14-5.81 mg/g. All the GA levels of 15 aged Pu-erh teas are lower than the one (18.27-68.25 mg/g) of 6 aged Pu-erh teas reported by Qian et al [10] . The total flavonoid, free amino acid, purine alkaloid and soluble saccharide content in the 15 Pu-erh tea samples were 8.99-14.26, 3.42-4.15, 18.69-30.29, and 6.16-29.04 mg/g, respectively. 15 aged Pu-erh teas were divided in to four storage stages (10-30, 40-60, 70-90, >100 years), and the average contents of important chemical components were summarized in Table 5 . The average contents of total polyphenols, total flavonoids, GA, and total catechins in aged Pu-erh tea at different storage stages showed no significant difference (p > 0.05). The results indicated that the youngest Puerh tea did not possess the highest level of active components.
The coefficient of correlation (r) between the IC 50 values of radical-scavenging and anticancer activities and the contents of the active components in the aged Pu-erh teas were analyzed ( Table 6 ). The results indicated that the total polyphenol and catechin content were significantly correlated with the DPPH radical scavenging activities of all of the samples (p < 0.05). While the total polyphenol and GA content were significantly correlated with the ABTS radical scavenging activities of all of the samples (p < 0.01), only the GA content was correlated with the anti-cancer abilities across all samples (p < 0.05). The difference letter in the same row indicated that the difference among the tea samples is significantly through Duncan test (p < 0.05). The letter "a" in the same row indicated that there is no significant difference among the tea samples (p > 0.05). 
Conclusion
Generally, the older the Pu-erh tea, the higher commercial value it possesses. Our results indicated that the anti-oxidant and anti-cancer activities of the 15 aged Pu-erh teas with different storage years displayed minor differences. Not all the older Pu-erh teas exhibit stronger biological ability than the younger ones and the oldest Pu-erh tea did not have the lowest content of active components. The value of Pu-erh tea is affect by the taste, odor, beneficial component amounts, and others. Thus, to assess the value of Pu-erh tea preserved at different times based on our research results is not enough. Forty-three active components were identified in the 15 Pu-erh tea samples by the HPLC-ESI-QTOF-MS/MS method, including 7 flavan-3-ols, 11 organic acids and esters, 3 proanthocyanidin dimers, 2 benzotropolones, and 20 flavonoid glycosides. Importantly, our results demonstrated that: (1) both total polyphenol and catechin content were significantly correlated with the DPPH radical scavenging activities;
(2) the total polyphenol and GA content were significantly correlated with the ABTS radical scavenging activities; and (3) only GA content was correlated with anti-cancer abilities. Anyway, this study could provide useful information of chemical constituents and bioactivity of aged Pu-erh teas with different storage years for consumers to understand the value of aged Pu-erh teas deeply.
